Data are from the Predictive Biomarkers for Huntington\'s disease study whose authors may be contacted at <bachoud@gmail.com>. Access to the data is restricted because in this study patients signed an informed consent form ensuring the data confidentiality.

Introduction {#sec005}
============

The central nervous system plays a key role in the regulation of neuroendocrine axes and, in turn, the released neurohormones participate to the activity of different areas of the brain. On the one hand, Insulin-like growth factor-1 (IGF-1), the main effector of the somatotropic axis, has a wide range of actions in both the central and peripheral nervous system, demonstrated in various experimental models in animals and humans \[[@pone.0162890.ref001]\]. In particular, it has a neurotrophic and neuroprotective role in the brain. On the other hand, the role of insulin in the brain has gradually been understood from the initial concepts that the brain is insensitive to insulin to the more recent ones that insulin is an important neuromodulator, contributing to cognition, especially to the memory \[[@pone.0162890.ref002]\]. Moreover, a functional interrelationship between IGF-1 and insulin is known to occur. Insulin controls the expression of the IGF-1 gene, whereas insulin levels and target tissues sensitivity to insulin depend on IGF-1 levels and functions \[[@pone.0162890.ref003]\]. Thus, changes in IGF-1 and/or insulin input to the brain may underlie or contribute to the progress of neurodegenerative processes.

Huntington's disease (HD) is an autosomal, dominantly inherited, progressive neurodegenerative disorder characterized by involuntary movements, especially chorea, cognitive decline, behavioural, and psychiatric disturbances, all leading to functional disability. This rare and fatal disease is caused by an abnormal elongation of a CAG repeat sequence in the gene located on the short arm of chromosome 4 and encoding the protein huntingtin \[[@pone.0162890.ref004]\].

Studies in animal models and human patients found evidence that endocrine and metabolic alterations accompany the progression of HD. On the one hand, decreased concentrations of the IGF binding complex and the significantly higher basal plasma levels of IGF-1 in HD patients than in controls support the hypothesis of a resistance to IGF-1 in patients with HD \[[@pone.0162890.ref005]\]. In addition, higher IGF-1 level at baseline was associated with greater subsequent decline in executive function and attention and may predict cognitive decline \[[@pone.0162890.ref006]\]. On the other hand, an impairment in insulin secretion capacity, a decrease in insulin sensitivity on both hepatic and peripheral tissues, and an increase in the level of insulin resistance have been associated with HD \[[@pone.0162890.ref007]\]. Given that IGF-1 is a key partner of the actions of insulin \[[@pone.0162890.ref008]\], insulin levels may also influence the disease cognitive impairment.

Therefore, we aim to assess the association between changes in plasma levels of IGF-1 and insulin and the cognitive decline in HD patients over time, in a prospective multicentric cohort study.

Materials and Methods {#sec006}
=====================

Participants and baseline characteristics {#sec007}
-----------------------------------------

We report a longitudinal prospective study of manifest Huntington's disease patients from the Predictive Biomarkers for Huntington's disease protocol (NCT01412125), which was approved by the ethics committee of Henri Mondor Hospital (Créteil, France) in accordance with EU and French bioethics laws. All patients gave written informed consent. They were heterozygous for the *Htt* gene (\> 36 CAG repeats in *mHtt*) and aware of their genetic status. They had neither other neurological conditions nor long-term experimental treatment (e.g. cell transplantation).

Data were collected from 2003 to 2009, at six centers from the French Speaking Huntington's Disease Group (Angers: 7.7%, Créteil: 68%, Lille: 7.7%, Lyon: 0.6%, Marseille: 14.8%, Strasbourg: 1.2%), and centralized at the National Reference Centre for Huntington's disease at Créteil.

Clinical evaluations during follow-up {#sec008}
-------------------------------------

One hundred fifty six patients were assessed at baseline. One hundred and fourty six patients (94%) had at least two clinical and biological assessments so they were included in the longitudinal analysis. They were assessed once a year during the follow-up in each center. The maximum follow-up duration was of 7 years with a mean ± SD of 3.5 ± 1.8 years. The mean number of visits was 2.13 ± 1.11 (64 patients with 2 time points, 44 with 3 time points, 31 with 4 time points, 3 with 5 time points, 3 with 6 time points, and 1 patient with 7 time points). At each assessment, scores were given on the motor, cognitive, behavioural, and functional sections of the French version of the Unified Huntington's Disease Rating Scale (UHDRS). The cognitive function was assessed using the 3 standardized tests of the UHDRS: the Stroop Interference Test, the Symbol Digit Modalities Test (SDMT), and the verbal fluency test (words starting with P, R, and V in French; the equivalent of FAS in English) \[[@pone.0162890.ref009]\]. The cognitive subsection takes 7 to 10 minutes to complete. Test results are reported as the raw numbers of correct answers given within the time limit for each test: 45 seconds for each Stroop Test component, 90 seconds for the SDMT, and 2 minutes for the verbal fluency test. Higher scores indicate better cognitive performance.

In addition, the patients were interviewed about medical history and completed a questionnaire on past and current symptoms. Medication use of the participants was recorded, including antipsychotics, antidepressants and tranquillizers.

Hormonal assays {#sec009}
---------------

At baseline and at each follow-up clinical examination, a blood sample from each patient was collected in the morning after an overnight fast, then centralized, centrifuged and stored at -80°C at the *Etablissement Français du Sang* at Avicennes. All samples were tested in a single run using a single reagent lot at the *Département de Biochimie-Pharmaco-Toxicologie* at Henri Mondor. Kits were used according to the manufacturers' instructions. For IGF-I and insulin-like growth factor-binding protein 3 (IGFBP-3), we used the Isys kit (IDS, Paris, France). For insulin, we used RIA kits using Glucose Analyzer 2 (Fullerton, CA, USA).

Statistical analysis {#sec010}
--------------------

Linear regression was performed at baseline to evaluate the associations between serum levels of IGF-1 or insulin and UHDRS cognitive scores.

In the longitudinal analysis, the individual annual slope of cognitive assessment was estimated for each task using a mixed-effect linear model with ''patient" as a covariance estimate. This model takes into account the repeated measures at several time points and so the intra-individual variability. Then, we ran univariate analyses with each cognitive score as a dependent variable, and IGF-1 or insulin as independent variables in separate models. The multivariate analyses were done to adjust our models on the following potential confounding variables: age, age at onset, gender, body mass index (BMI), CAG, antipsychotics treatment, and level of education. In addition, models on IGF-1 were further adjusted for its main binding protein IGFBP-3 that regulates its activity.

Results are presented as means with their standard deviation (SD) and as mean regression slopes and their standard error (SE) or as *β* regression coefficient*s* for the linear models. A two-sided p-value ≤ 0.05 was considered statistically significant. Statistical analyses were conducted using SAS version 9.0 (SAS Institute Inc., Cary, NC).

Results {#sec011}
=======

[Table 1](#pone.0162890.t001){ref-type="table"} displays the demographic, clinical and biological characteristics of the 156 patients. Disease severity was mild to moderate in most patients (53% were stage I, 34% were stage II, 11% were stage III, and 2% were stage IV). Antipsychotics use was reported in 73 patients (46.8%). Plasma IGF-I levels ranged from 74.6 to 378.4 ng/mL, with a baseline mean of 156.4 ± 55.5 ng/mL. Plasma IGFBP-3 levels ranged from 3.0 to 7.8 μg/mL, with a baseline mean of 4.8 ± 1.1 μg/mL. Compared to the normal laboratory range, we reported 16 hyperinsulinemic (10%), 4 hypoglycaemic (3%) and 6 hyperglycaemic patients (4%).

10.1371/journal.pone.0162890.t001

###### Demographic, clinical and biological features of HD patients at baseline.

![](pone.0162890.t001){#pone.0162890.t001g}

  Characteristics                                 Study population (n = 156)
  ----------------------------------------------- ----------------------------
  **Age (years)**                                 47.8 ± 11.2
  **Age at onset (years)**                        41.6 ± 11.4
  **Sex, Men/Women**                              76/80
  **Number of CAG repeats**                       45.1 ± 3.9
  **Body Mass Index (kg/m²)**                     22.8 ± 3.7
  **Level of education (years)**                  12.0 ± 3.2
  **UHDRS functional assessment**                 
  **Functional checklist (25--50)**               29.8 ± 5.4
  **Independence scale (100 to 10)**              82.0 ± 16.0
  **TFC score (13 to 0)**                         9.9 ± 2.9
  **UHDRS Total Motor Score (out of 124)**        35.2 ± 24.4
  **UHDRS Total Behavioural Score (out of 88)**   13.3 ± 11.2
  **IGF-1 (ng/mL)**                               156.4 ± 55.5
  **IGFBP-3 (μg/mL)**                             4.8 ± 1.1
  **Insulin (mUI/L)**                             5.0 ± 0.9
  **Glycaemia (mmol/L)**                          11.5 ± 13.6

CAG: cytosine-adenine-guanine; UHDRS: Unified Huntington's Disease Rating Scale; TFC: Total Functional Capacity; IGF-1: insulin-like growth factor-I; IGFBP-3: insulin-like growth factor -binding protein 3. Results are presented in means ± standard deviation.

Relationship at baseline between cognitive assessments and plasma metabolic levels {#sec012}
----------------------------------------------------------------------------------

In the cross-sectional analysis, cognitive scores at baseline showed moderate impairment compared with published reference values ([Table 2](#pone.0162890.t002){ref-type="table"}). Both plasma IGF-1 and insulin levels were negatively associated with cognitive performance. These relationships remained significant in the multivariate analysis after adjusting for factors identified in the univariate analyses (age, sex, age at onset, number of CAG repeats, BMI, antipsychotics treatment, and level of education), and IGFBP-3 for IGF-1. The higher the levels of IGF-1 and insulin were, the more severe the cognitive decline was (IGF-1: ß Stroop word reading, -4.56, *p* = 0.06; ß Stroop color naming, -3.50, *p* = 0.04; ß Stroop interference, -5.42, *p* = 0.02; and ß SDMT, -3.58, *p* = 0.02; Insulin: ß Stroop word reading, -0.19, *p* = 0.06; ß Stroop color naming, -0.19, *p* = 0.08; ß Stroop interference, -0.22, *p* = 0.03; and ß verbal fluency test, -0.25, *p* = 0.003).

10.1371/journal.pone.0162890.t002

###### Mean baseline scores and annual slopes of cognitive assessments during the follow-up in the whole cohort.

![](pone.0162890.t002){#pone.0162890.t002g}

  Cognitive assessment                                 Published reference range   Score at baseline N = 156   Annual slope ± SE N = 146   p-value
  ---------------------------------------------------- --------------------------- --------------------------- --------------------------- -----------
  **Stroop word reading** \[[@pone.0162890.ref010]\]   ≥ 88                        61.1 ± 25.3                 -4.1 ± 0.3                  p\<0.0001
  **Stroop color naming** \[[@pone.0162890.ref010]\]   ≥ 65                        44.5 ± 20.0                 -2.9 ± 0.2                  p\<0.0001
  **Stroop interference** \[[@pone.0162890.ref010]\]   ≥ 35                        23.4 ± 13.9                 -1.5 ± 0.2                  p\<0.0001
  **SDMT** \[[@pone.0162890.ref011]\]                  ≥ 37                        23.4 ± 15.5                 -1.8 ± 0.2                  p\<0.0001
  **Verbal fluency test** \[[@pone.0162890.ref012]\]   ≥ 56                        34.9 ± 22.6                 -2.2 ± 0.3                  p\<0.0001

SDMT: Symbol Digit Modalities Test. Annual slopes are assessed using the mixed-effect linear model and adjusted for age, age at onset, CAG (cytosine-adenine-guanine) and level of education. Results are presented in means ± standard deviation. p-values of the comparison of the mean slopes to 0.

Relationship between cognitive deterioration and evolution of the serum hormone levels {#sec013}
--------------------------------------------------------------------------------------

All cognitive scores declined significantly during the follow-up ([Table 2](#pone.0162890.t002){ref-type="table"}). Changes in plasma levels of IGF-1 and insulin over time were not statistically significant (respectively, p = 0.8 and p = 0.4). The longitudinal relationship between cognitive deterioration and the evolution of IGF-1 and insulin levels is shown in [Table 3](#pone.0162890.t003){ref-type="table"}. In the univariate analysis, the worsening of all cognitive scores, except Stroop interference, was inversely associated with plasma IGF-1 levels over time. In the multivariate analyses adjusted for age, age at onset, BMI, the number of CAG repeats, level of education, and IGFBP-3, the level of IGF-1 still negatively associated with cognitive scores. In contrast, the insulin levels over time did not show significant relation with the cognitive scores in the univariate analysis.

10.1371/journal.pone.0162890.t003

###### *β* coefficients of the mixed-effect linear model for the longitudinal relationship between cognitive decline and changes of hormones plasma levels.

![](pone.0162890.t003){#pone.0162890.t003g}

  Clinical Data             Univariate   Multivariate                                      
  ------------------------- ------------ ------------------------------------------------- -------------------------------------------------
  **Verbal Fluency**        0.04 (NS)    -0.013[\*\*\*](#t003fn004){ref-type="table-fn"}   -0.011[\*\*\*](#t003fn004){ref-type="table-fn"}
  **SDMT**                  -0.03 (NS)   -0.006[\*\*](#t003fn003){ref-type="table-fn"}     -0.009[\*\*](#t003fn003){ref-type="table-fn"}
  **Stroop Color Naming**   -0.03 (NS)   -0.007[\*](#t003fn002){ref-type="table-fn"}       -0.009[\*\*\*](#t003fn004){ref-type="table-fn"}
  **Stroop Word Reading**   -0.08 (NS)   -0.009[\*](#t003fn002){ref-type="table-fn"}       -0.010[\*\*](#t003fn003){ref-type="table-fn"}
  **Stroop Interference**   -0.05 (NS)   NS                                                \-

IGF-1: insulin-like growth factor-I; SDMT: Symbol Digit Modalities Test. Multivariate analyses were adjusted for potential confounders that influence cognitive decline or hormonal alterations and evaluation over time: age, age at onset, CAG (cytosine-adenine-guanine), Body Mass Index, Level of education, and IGFBP-3 (insulin-like growth factor-binding protein 3).

\*p≤0.10,

\*\*p≤0.05,

\*\*\*p≤0.01.

NS: non-significant.

Discussion {#sec014}
==========

In this prospective multicentric cohort study of HD patients followed for 3.5 ± 1.8 years, we found that higher baseline plasma levels of IGF-1 and insulin were associated with greater impairment in executive functions and attention as assessed by the cognitive part of the UHDRS. These significant associations were independent from potential confounders including age, age at onset, number of CAG repeats, sex, BMI, level of education, antipsychotics treatment, and plasma IGFBP-3 for IGF-1. In the longitudinal analysis, we showed that the decline of the UHDRS cognitive scores was statistically significant over time. The worsening of all cognitive scores, except Stroop interference, was inversely associated to plasma IGF-1 levels over time, unlike insulin.

Our results confirm that the elevated plasma levels of IGF-1 observed in earlier studies of HD \[[@pone.0162890.ref005]\] are associated to the subsequent cognitive function deterioration seen in HD, unlike insulin. Thus, our results support the hypothesis that resistance to IGF-1 is related to the cognitive decline in patients with HD; and are in line with previous findings on HD. Aziz et al. \[[@pone.0162890.ref013]\] also showed that the total diurnal production of the growth hormone (GH) increases with the severity of the disease and that GH secretion was more irregular in patients with motor and a major functional impairment. Since IGF-1 controls the secretion of GH by negative feedback, the resistance to IGF-1 would result in an increase in GH, which confirms the findings above. In HD, elevated plasma levels of IGF-1 might be a cause, consequence, or compensatory counterregulation to neurodegeneration.

IGF-1 is commonly described as not only involved in brain growth, development and myelination, but also in brain plasticity and neurogenesis \[[@pone.0162890.ref014]\]. Normal levels of serum IGF-1 are required to maintain a broad range of brain functions. Arwert et al. \[[@pone.0162890.ref015]\] have demonstrated, through a meta-analysis of all studies evaluating the somatotropic axis and cognitive function in the elderly, a positive and significant relationship between the concentration of IGF-1 and cognition. The most relevant features are essentially attention, executive functions and memory. The ability of IGF-1 to promote the survival of cells has been attributed in part to the phosphatidylinositol 3-kinase/Akt pathway (PI3K/Akt). The IGF-1, through activation of the PI3K/Akt pathway, is capable of blocking cell death induced by the mutated huntingtin and reduces the formation of intranuclear inclusions. However, this route is altered in HD and probably mediates resistance to IGF-1 \[[@pone.0162890.ref016]\]. Furthermore, impairment in the peripheral and brain IGF-1 signalling increases the levels of Abeta and inflammatory agents in the brain \[[@pone.0162890.ref007],[@pone.0162890.ref017]\] and promotes oxidative stress and deficits in energy metabolism, leading to the activation of neurodegeneration cascades \[[@pone.0162890.ref018],[@pone.0162890.ref019]\].

Since the early 1990s, intervention studies in animal models have shown neuroprotective effects of IGF-1 in different models of injury and insults to the brain, administered through different routes, for example, directly through intracerebroventricular administration \[[@pone.0162890.ref020]\] or peripheral administration of IGF-1 \[[@pone.0162890.ref021]\]. Systemic IGF-1 therapy improved the cognitive function in mouse models with Alzheimer's disease \[[@pone.0162890.ref022]\]. Moreover, a recent study on HD mouse models has shown that intranasal administration of recombinant human IGF-1 (rhIGF-1) improved motor activity and both peripheral and central metabolic abnormalities, along with an up regulation of Akt and an increased phosphorylation of mutant huntingtin \[[@pone.0162890.ref023]\]. Intranasal administration promotes rhIGF-1 delivery to the brain by its direct transport from the nasal cavity to the Central Nervous System via intraneuronal and extraneuronal pathways. Seen that IGF-1 resistance is involved in cognitive decline in HD, the control of IGF-1 may lead to a new therapeutic approach. On the model of type II diabetes characterized by insulin resistance, IGF-1 resistance in HD may be approached by direct IGF-1 administration or indirectly by increasing IGF-1 plasma levels.

Besides predicting the cognitive decline in HD, IGF-1 plasma levels over time are inversely associated to the cognitive functions, independently of other confounding factors such as age. Thus, IGF-1 is a potential candidate as a biomarker for predicting or evaluating the progress of the disease. However, its relevance for clinical application requires additional well-defined criteria and thus further investigation.

As for insulin, our cross-sectional results show that clinical hyperinsulinism is negatively associated to cognition in Huntington's disease. Our results appear to be in line with many studies which show that hyperinsulinemia and insulin resistance are risk factors for developing dementia and affect the initiation of neuritic plaques formation \[[@pone.0162890.ref024],[@pone.0162890.ref025]\]. In fact, HD patients develop diabetes mellitus about seven times more often than matched healthy control individuals \[[@pone.0162890.ref026],[@pone.0162890.ref027]\].

However, despite the structural homology between IGF-1 and insulin, both at molecule and receptor levels, and despite their functional interrelationship, the insulin levels over the follow-up period did not show statistically significant associations with any of the cognitive scores changes. Thus, the control of insulin levels may not be a therapeutic target in HD. This finding opposes to other findings of neurothrophic properties of insulin infusion \[[@pone.0162890.ref028],[@pone.0162890.ref029]\] and a well established efficacy in Alzheimer's disease (AD). In AD patients, insulinic therapy could slow the dementia process. Plastino et al. \[[@pone.0162890.ref030]\] documented a significant slowdown in cognitive decline and stabilization on Mini-Mental Status Examination scores after a 12-month follow-up using insulinic therapy. In addition, increasing plasma insulin levels by insulin intravenous infusion, while maintaining euglycaemia, was found to facilitate recall of verbal declarative memory and enhance selective attention \[[@pone.0162890.ref031]\]. Intranasal insulin acutely improves memory, functional ability and synaptic plasticity of the brain in patients with early AD \[[@pone.0162890.ref032]\]. On the other hand, some findings demonstrate that raising peripheral insulin levels increase plasma and cerebrospinal fluid levels of norepinephrine and may modulate cognitive functions \[[@pone.0162890.ref033]\].

To our knowledge, this is the first study providing a long-term follow-up (up to seven years) of 146 HD patients assessing their clinical and plasmatic IGF-1 and insulin levels. Our study gives a piece of information on the impact of IGF-1 and insulin on cognition in HD. IGF-1 levels over time predict and are associated to the decline of cognitive function, unlike insulin. The temporality between IGF-1 resistance and neurodegeneration in HD remains to be explored. In addition, it would be interesting to further investigate the role of the downstream PIK3/Akt pathway in resistance to IGF-1 on one hand and in the cognitive decline in HD on the other hand.
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